ABSTRACT In this paper, a tunable dual-band bandpass-to-bandstop filter and its analysis are proposed. The bandpass-to-bandstop transformation could be obtained by changing the state of the p-i-n diode. Using two sets of half-wavelength resonators loaded with varactors, the center frequency of each band can be tuned independently by adjusting the varactors. In order to achieve the controlling of the external quality factors (Q e ) for the bandpass mode, the feeding lines are loaded with two varactors and wide tuning range of Q e can be obtained. In the bandpass mode, the lower passband tuning range is from 1.7 to 2.2 GHz (25.6% tuning range) with return loss better than 10.5 dB, and the tuning range of higher passband is from 2.2 to 2.7 GHz (20.4% tuning range) with return loss better than 12.9 dB. For the bandstop mode, the lower stopband tuning range is from 1.7 to 2.3 GHz (30% tuning range) and the higher stopband tuning range is from 2.3 to 2.9 GHz (23.1% tuning range), while the rejection level is higher than 16.4 dB in the stopband.
I. INTRODUCTION
RF/Microwave tunable filters are required in reconfigurable systems to effectively utilize the frequency spectrum [1] . Tunable filters can also be to replace the filter banks in special systems. Various tunable filters have been designed using different tunable devices, such as ferroelectric capacitor [2] , [3] , PIN diode [4] , micro-electromechanical system (MEMS) device [5] - [8] , piezoelectric transducer [9] , and varactor diode [10] - [15] .
Some research on tunable dual-band filters has been carried out recently [16] - [25] . In [16] - [18] only one passband can be tuned while the other passband is fixed. In [19] , a tunable dual-band bandpass filter has been proposed, however, two passbands are dependent and can't be tuned independently. In [20] , a high-selectivity dual-band bandpass filter was presented. A novel dual-band filter using dual-mode resonators with independently tunable passband frequencies was proposed in [21] . In [25] , a tunable dual-band filter with harmonic suppression was presented.
In the other hand, the bandpass-to-bandstop filters have been developed to receive the desired signal in the dynamic interference environment [26] - [31] . The bandpass mode could be chosen in the low inference environment to receive the desired signal, and the bandstop mode is used to eliminate the high power inference in a high interference environment [26] . In [27] , a tunable bandpass-to-bandstop filter has been demonstrated by controlling the coupling coefficient. Tunable bandpass-to-bandstop filters using RF MEMS switches were presented in [28] . Using conventional bandpass and bandstop design theory, a bandpass-to-bandstop filter was presented in [29] . In [30] , a tunable bandpassto-bandstop filter with PIN diodes acting as switch was proposed.
Though tunable dual-band filter and bandpass-to-bandstop filter are widely designed, the design of tunable dual-band bandpass-to-bandstop filter is seldom reported. A bandpassto-bandstop dual-band filters using RF-MEMS switches with tunable bandwidths was proposed in [31] , however, only the bandwidth can be tuned. Following [31] , the same method for switching the bandpass and bandstop mode is used in this paper. But unlike using RF MEMS switch in [31] , PIN diode is selected to achieve the bandpass-to-bandstop transmission. Using two pairs of half-wavelength resonators loaded with varactors, the dual-band performance can be easily obtained. Furthermore, the center frequency of each band in the bandpass or bandstop mode can be controlled independently.
II. ANALYSIS OF PRESENTED FILTER
In this section, the detailed analysis of the proposed filter is presented. First, an analysis of the tunable filter will be presented in Part A. Then the analysis of the controllable Q e is illustrated in Part B. Lastly, the structure parameters and the simulated results will be given in Part C.
A. ANALYSIS OF THE PROPOSED FILTER
Following [32] , the configuration of presented tunable dualband bandpass-to-bandstop filter is shown in Fig. 1 1 ) is placed between the feeding line and the ground acting as a switching device. When V 1 is selected as 0 V , the filter is in the bandstop mode for the PIN diode is in the isolation mode. When V 1 > 3 V , the bandpass mode is achieved for the PIN diode is in the thru mode. In Fig. 1 , D 2 -D 7 are varactors which are controlled by the DC bias voltages named V 2 -V 7 . Generally, a smaller Q e can be obtained with smaller gap between resonators and feeding lines [9] . Therefore, 0.2 mm gap for dual bands is selected to achieve a stronger coupling. Thus, S 1 = S 5 = 0.2 mm is selected in this paper.
In Fig. 2 , it can be observed that two different coupling paths are applied in the proposed tunable dual-band bandpass-to-bandstop filter. The Path 1 is selected to transmit the lower frequency (1.95 GHz), while the Path 2 is used to transmit the higher frequency (2.45 GHz). At the same time, the distance (S 3 ) between the two pair of half wavelength resonators is selected as 1.2 mm to reduce the influence between two coupling paths. So the center frequency of In order to analyze the coupling between the halfwavelength resonators, here we take the higher passband as an example, as shown in Fig. 3 . The input even/odd admittance is
where C v is the capacitance for D 4 and D 5 . And Y Le and Y Lo can be given as
The resonate frequency can be calculated from 3 . Structure of the higher passband resonator.
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From (1)- (5), the even/odd mode resonant frequency can be calculated as
Where v p is the phase velocity, f 0e is the even mode resonant frequency and f 0o is the odd mode resonant frequency. From (6) and (7), it is shown when 6 and v p are fixed, the even/odd mode resonant frequency can be tuned by C v . Additionally, when Y 1 is changed the resonant frequency will be changed accordingly. In order to simplify the design process, Y 1 is fixed and selected as 0.0125 S in this paper. Y 2e and Y 2o are affected by the coupling coefficient between resonators. So the coupling coefficient will be studied next.
The coupling coefficient k can be express as follow [25] :
where
Form (8), k is determined by the coupling section L 6 and gap (S 4 ) between the resonators. The presented dual-band tunable bandpass-to-bandstop filter is designed on the substrate with ε r = 2.55, δ = 0.0029 and h = 0.8 mm. The relationship between coupling coefficient and L 6 , g 1 at the center frequency of higher tuning range (2.45GHz) are shown in Fig. 4 (a) and (b) . From Fig. 4 , it can be observed that when the gap between the resonators increases, the coupling coefficient decreases, but the coupling coefficient will increase when L 6 increases. Moreover, S 4 has a major impact on k. Therefore, the required k could be obtained with proper S 4 . In this paper, S 4 = 0.66 mm and L 6 = 7.83 mm are chosen to achieve designed k. Using similar analysis, S 2 = 1.28 mm and L 3 = 14.5 mm are chosen for the lower passband filter.
B. ANALYSIS OF CONTROLLABLE Q e
The controllable Q e can help to acquire good passband performance. In order to control the Q e , the feeding lines are also with two varactors.
The Q e for the proposed tunable dual-band bandpass-tobandstop filter could be extracted from [21] Q eh = π f h τ S 11h (11)
where f h and f l are the center frequency of the higher passband and lower passband. f h = 2.45 GHz and f l = 1.95 GHz are selected to analyze Q e . τ S11h and τ S11l are group delays of S 11 at f h and f l , which can be can be extracted by using EM simulation [1] . Fig. 5 shows the structure for studying the controllable Q e . C D2 is the capacitance of the varactor D 2 loaded at the feeding line in Fig. 1 . C D4 and C D6 are the capacitances of the varactors (D 4 and D 6 ) loaded at the resonators in Fig. 1 . C D4 and C D6 can be tuned to obtain the frequency of f h and f l , then C D2 is tuned to obtain different Q e . The parameters are set as follows: From Fig. 6 , when C D2 increass, the Q e for higher passband decrease, while the Q e increases for the lower passband. Therefore, the desired Q e could be obtained by changing the DC bias voltage, V 2 and V 3 in Fig. 1 , which are loaded at the varactor D 2 and D 3 .
C. SIMULATED RESULTS
From the analysis in Part A and Part B, the physical parameters for the dual-band tunable bandpass-to-bandstop filter can be obtained: L s = 0.7 nH, R s = 0.80 ) are used for D 2 -D 7 . RF choke is achieved with a 270 nH inductor to avoid the RF signal leakage into the DC network. Moreover, an inductor L = 15 nH is selected to connect the feeding line with the ground. The PIN diode BAP64-02 is selected to be the switching device. The equivalent circuit model of BAP64-02 is shown in Fig. 7 . The parameters of the equivalent circuit for PIN diode are listed as: R f = 1 , L S = 0.6 nH, R p = 10 k , C j = 0.28 pF. A resistance R = 1 k is selected to be loaded between the DC bias and the feeding line for limiting the current. The chip capacitances C 1 -C 3 are used as DC blocking capacitances to avoid the inference. All simulations are performed in ADS.
The bandpass mode and bandstop mode simulation results are shown in Fig. 8 and Fig. 9 , respectively. It can be observed that each band can be tuned independently.
III. FABRICATION AND MEASUREMENT
A dual-band bandpass-to-bandstop filter is fabricated for verification. Fig. 10 shows the photograph of the presented filter. It can be observed that the total size is 35.2 mm × 36.6 mm, which is 0.333 λ g by 0.346 λ g , where λ g is the guided wavelength on the substrate at the center frequency of the lower passband (1.95 GHz). An Agilent 5230A network analyzer is selected to perform the measurement. When the PIN diode is in thru mode and V 1 is 0 V, the bandpass mode is achieved, which is shown in Fig. 11 . The frequency tuning range of higher passband is from 2.2 GHz to 2.7 GHz (20.4% tuning range) with a fixed lower passband. The return loss is higher than 12.9 dB and the insertion loss is 4.6 dB -5.6 dB. The tuning range of lower passband is from 1.7 GHz to 2.2 GHz (25.6% tuning range) with a fixed higher passband. The return loss is higher than 10.5 dB and the insertion loss is from 4.6 dB to 5.0 dB. Therefore, the center frequency could be changed from 1.7 GHz to 2.7 GHz continuously in the bandpass mode. The insertion loss is affected by the varactor Q [27] and the loss of the PIN diode and chip capacitances. In the future, the using of the RF MEMS switches can help to achieve improvement in insertion loss [33] .
When the DC bias voltage for V 1 is >3V , the PIN diode is in isolation state, so the bandstop mode is achieved, the measured results are shown in Fig. 12 . The center frequency of higher stopband can be tuned from 2.3 GHz to 2.9 GHz 
(23.1% tuning range) with a fixed lower stopband, while the rejection level is higher than 20 dB. The lower stopband frequency can be tuned from 1.7 GHz to 2.3 GHz (30% tuning range) with a fixed higher stopband, and the rejection level better than 16.4 dB. Therefore, the stopband can be realized from 1.7 to 2.9 GHz continuously. Comparisons with some published tunable filters are shown in Table 1 . As two sets of resonators are used, this paper can provide a wider tuning range (1 GHz for the bandpass mode and 1.2 GHz for the bandstop mode).
IV. CONCLUSION
A dual-band bandpass-to-bandstop filter with tunable center frequencies is presented in this paper. The PIN diode is used as the switch device here, to change the bandpass-to-bandstop filter transmission. In order to control Q e , two varactors are loaded at the feeding lines. In the bandpass mode, the frequency can be changed from 1.7 GHz to 2.7 GHz continuously, and in the bandstop mode, the stopband frequency can be tuned from 1.7 GHz to 2.9 GHz continuously. Measured insertion loss in the bandpass mode is limited by the quality factor of the varactor [27] and the loss of the PIN diode. In the future, the using of the RF MEMS component can achieve significant improvement in insertion loss and linearity [33] .
